Nanotechnology refers to the branch of science and engineering dedicated to materials, having dimensions in the order of 100 th nm or less. Many ions of transition or noble metals can form complex compounds of nanoparticle size. These compounds are of scientific and practical interest, because of their proven or potential application in different areas. Nano-biocomplexes of iron, copper, cobalt and silver with oligosaccharides and their derivatives are important in medicine, cosmetics and veterinary medicine. The development of new nano-biocomplexes based on oligosaccharides and their derivatives and non-toxic or "green" silver nanoparticles syntheses, the influence of the ligand constitution on the synthesis outcome, stability, structure and pharmaco-biological properties are the subject of this paper.
Introduction
Materials of nano dimension, from 1 to 100 nm, have specific characteristics that differ from those of the same chemical composition with macroscopic dimensions. Metal nanoparticles, (MNPs), have unique catalytic, electrical, magnetic, optical and mechanical characteristics, as well as biological activity [1] [2] [3] , thanks to the large specific surface area in terms of volume and large surface energy. Many ions of some transition metals such as copper, iron, cobalt can form complex nano size particles under appropriate reaction conditions. Ions of precious metals like silver, gold, palladium, platinum, titanium in the presence of a reducing agent, having a role of the stabilizing agent at the same time, can also form the nanoparticles. Complex compounds are not only of scientific but also of practical interest since many of them have found application not only in different industrial areas but also in medicine, cosmetics, veterinary and nanotechnologies [4] [5] [6] [7] [8] [9] . A lot of investigations of synthesis and characterization of different metal complexes with biological ligands or synthetic ligands, serving as a model of complex biomolecular structures, has been conducted. Bioligands, or synthetic ligands are mainly natural chemical compounds of macromolecular type, such as oligosaccharides, proteins, and nucleic acids. In this group of products, chemical compounds of polysaccharide type or their derivatives containing cations of different transition biometals (Cu(II), Co(II), Zn(II) and Fe(III)) with proven or potential pharmacological activity, are very important [10] [11] [12] . The preparations based on these compounds are used in human and veterinary medicine since they contain polysaccharide as an energy source and a bio-element as a significant factor in the metabolic processes. Commercial parenteral preparations based on the water-soluble complex of Fe(III) with dextran oligosaccharides are used in the treatment of sideropenic anemia. Such complexes can also be obtained with other polysaccharide-type ligands, such as inulin (polyfructofuranoside) and pullulan (polymaltotriosis). Except for iron, the presence of other hematopoietically active biometals, such as copper, cobalt and zinc, is necessary for the successful medical treatment. In human and veterinary medicine, the products with polymicroelements are of special interest, since they provide a complex treatment of different diseases simultaneously.
Nano particles of precious metals have practical applications in various fields. Silver, gold, palladium, and platinum nanoparticles are particularly important in the fields of electronics, medicine, pharmacy and cosmetics. For this reason, the processes of synthesis, characterization and application of such particles have been studied intensively over the past decades. Among the various metal nanoparticles, silver nanoparticles (AgNPs) are practically used particularly for their potential antibacterial, antifungal and antiproliferative, antioxidant and anticancer activities in different areas [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] . Silver nanoparticles can be obtained by different methods [22] . Increasing application of silver nanoparticles based on environmental principles implies, among other things, an increasing need for nontoxic or "green" syntheses. One of the ways to develop the non-toxic syntheses is the usage of a biopolymer as a matrix. Polysaccharides are the most widely used polymers from the following biopolymers: dextran, pullulan, alginate, agar, starch, chitosan, and glycogen, as well as extracts obtained from natural products [23] .
The development of new nano-biocomplexes based on oligosaccharides and their derivatives, as well as the influence of the ligand constitution on the synthesis outcome, stability, structure and pharmaco-biological properties, are the subjects of this paper.
Iron(III) complexes with Dextran, Pullulan and Inulin oligomers

Synthesis of complexes
Many preparations based on the organic and inorganic bivalent and trivalent iron compounds are used for the prevention and treatment of sideropenic anemia in human and veterinary medicine. A wide spectrum of preparations was pharmacologically and clinically examined into details earlier, while the solutions of trivalent iron (polynuclear ironoxyhydroxide, with β 2 -FeOOH macromolecule) with carbohydrates and their derivatives have been used as parenteral antianemics more recently [24] . Water soluble Fe(III) polynuclear complexes can be produced from low molecular weight dextran (LMD), its hydrated derivative (RLMD), and other oligosaccharide type ligands such as hydrated low molecular pullulan (polymalthotriose, RLMP) and inulin (polyfructofuranoside, IN). Molecular forms of these oligosaccharides are presented in Fig 1. A new, so called single-step synthesis process, which differs from the two-step process, was used in the preparation of the component β 2 -FeOOH for the synthesis of complexes with RLMP, RLMD and IN [25] [26] [27] [28] . The optimal properties of the ligand and complexes as potential parenteral antianemics were defined by studying the influence of various physico-chemical factors on the synthesis course and outcomes for the synthesis of the complex with inulin, dextran and pullulan with the optimal Mw in the range of 2.000-4.000, 3.000-6.000, and 5.000-9.000 gmol -1 , respectively, and reducing sugar content to less than 0.5%. The optimum iron : ligand ratio was 1:5, pH 10, synthesis at boiling temperature for 30 -120 min [27] .
Gel chromatography of the complex Gel chromatographic (GPC) investigations on Sephadex G-75 columns showed the presence of 2 fractions in the complexes: (1) the fraction of true complex with bound ligand (colored fraction of about 14 cm 3 with a molar mass higher than 100.000 gmol -1 and a fraction of 60-90%) and (2) a free ligand fraction (a colorless fraction of about 18 cm 3 with a molar mass less than 2.000 gmol -1 with a contribution of 10-40 %).
Spectra-structural correlations
The structure of polynuclear Fe(III) complexes with oligosaccharides was not explained in details. Namely, β 2 -FeOOH and oligosaccharides can be bound by covalent or hydrogen bond [24, 29] . The type of bonding in the complex cannot be verified with certainty by spectroscopic method because of the covering band effect from free oligosaccharides. Iron(III) complexes with dextran, pullulan and inulin oligomers had been studied earlier by UV-Vis methods [26] . These complexes had shown an absorption maximum at λmax = 505 nm with the crystal split energy of 2.56 eV, and the crystalline field splitting energy of Em = 237.02 kJmol -1 (Vis), corresponding to p → d transition of Fe (III) with octahedral coordination [26] . FTIR spectroscopy was used for further investigation of the structure. The presence of β 2 -FeOOH in the complex structure was verified by the band at ~700 cm -1 of γ(OH) vibrations [30] . The complexes, isotopic exchanged and refined by gel-chromatography, were confirmed as hydrates by FTIR study. Water protons take part in the formation of weak hydrogen bonds; Ow…O distances were estimated as 280 and 283 pm for inulin and their complex, respectively. In the case of dextran and pululan the distances were 284 and 290 pm, respectively [31] . The FTIR spectra of RLMD, RLMP and their Fe(III) complexes showed two bands at 930 and 850 cm -1 in the γ(CCH) region (1000-700 cm -1 ), characteristic for 4 C 1 conformation of glucopyranosyl units. Significant shifts was noticed in 1500-1300 cm -1 region, characteristic for methylene groups bending vibration. The decrease of bands intensity from methylene groups, δ(CH) at ~ 1450 cm -1 and ν(CH) ~ 2900 cm -1 , was controlled by inuline 8(2) (2019) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] C5-C6 rotation in the glucopyranose ring of isomers due to dipole moment changes characteristic for this conformation [31] . In the FTIR spectra of gel-refined compounds, bands from ν(OH) vibration was shifted to lower vibrations for 90 cm -1 , 60 cm -1 and 40 cm -1 for dextran, pullulan and inuline complexes, respectively, compared to the non-refined complexes and FeOOH oligosaccharides. These results showed a stronger hydrogen bond between FeOOH and oligosaccharides compared to initial compounds. FTIR results, ESR spectroscopy and electron microscopy showed that particles sizes were 3-6 nm (FeOOH), 20-30 nm (inuline complex), 9-21 nm (dextran complex) and 12-26 nm (pullulan complex), and 12 nm (ferritin); the shape factor was 0.83, (spherocolloid particles). The GPC suggests that complexes particles have a solid FeOOH core with a convolute oligosaccharides sheath. Based on the physico-chemical and morphological investigations, a two-layer spherical model of the complex is proposed ( Fig. 2 ) according to Muller and Cox models. In this model the polymer particle β 2 -FeOOH is wrapped with the oligosaccharide of adequate Mw forming a stronger hydrogen bond while the second layer is made of oligosaccharides with lower molar masses, bound together with the oligosaccharides from the first layer by weaker hydrogen bonds. Pharmacological study In the global context, the investigated synthetic Fe(III) complexes are similar to the biological protein complex with iron-ferrite, as well as the results of the pharmacological tests. Similarity of Fe(III) complexes to human blood-grain-erythrocyte allows their undisturbed moving through body fluids in vivo [26] . By testing acute toxicity, in the iron-inulin complex (Fe content 50 mgcm -3 and inulin oligomers 150 mgcm -3 ), an average lethal dose of LD 50 = 525 mgFekg -1 m.w. for mice was determined. For the iron-pullulan complex (Fe content 50 mgcm -3 and pullulan oligomers 145 mgcm -3 ), LD 50 was 1429 mgkg -1 m.w., while for the iron-dextran (Fe content 50 mg/cm 3 and dextran oligomers 190 mgcm -3 ) LD 50 was higher than 2500 mkg -1 m.w., which meets the requirements of most pharmacopoeias. Resorption studies of these complexes on rabbits have shown satisfactory results. The maximum iron concentration was achieved 36 hours after iron-inulin and iron-dextran complexes applications, as well as 24 hours after iron-pulullan complex application.
Nano-Biocomplexes of Dextran and Pullulan with Copper and Cobalt
Synthesis Schematic presentation of synthesis and characterization of synthesized M(II)-RLMP and M(II)-RLMD complexes (M = Cu, Co) is shown in Fig. 3 ., and described in details [10, [32] [33] [34] . The pH of the reaction medium was changed after Cu(II)-salt addition, reflecting the dependence of pH values of the Cu(II) ion content in the Cu(II)-RLMP complex. In fact, when synthesis were performed at the same temperature and within the same reaction period, the highest Cu(II) ion content was obtained at pH 7.5. Additionally, if the solution pH values increased from 7.5 to 12, the percentage of the bound Cu(II) in the complex decreased from 13 to ~8% (AAS). The increase of solution pH from 7.5 to 13.5, the percentage of the bound Co(II) ion in the Co(II)-RLMP complex increased from ~2 to ~8% (AAS). The solubility of the synthesized Co(II)-RLMP complexes varies in water. For comparison, the copper content in Cu(II)-RLMP complexes varied from ~8 to ~13% (AAS). The most water-soluble Co(II)-RLMP and Co(II)-RLMD complexes were obtained at pH 13.5, since increased pH value favored formation of ionized forms of synthesized complexes leading to their better aqueous solubility. Optimal conditions for copper complexes, with respect to the metal content, are pH 7-8, T = 100 °C, and t = 7 min for the complex; Cu contents were 19.8, and 13% for Cu(II)-RLMD and Cu(II)-RLMP, respectively. Optimal conditions for cobalt complexes, with respect to the metal content are: pH 12-13.5; T = 100 °C, and t = 7-15 min; Co contents were 8.35 and 12.9% for Co(II)-RLMD and Co(II)-RLMP, respectively.
UV-Vis study
The synthesis and spectroscopic characterization of the Cu(II) ion complexes with RLMP and RLMD is described in detail [33, 34, 37] .The formation of Cu(II)-hydroxyl complexes with deprotonated dextran monomer unit was observed in the range of pH 8-12. The results of spectrophotometric analysis indicate the possibility of the formation of coordination bonds which rearrangement begins at pH > 8. Synthesized Cu(II)-complexes are decomposed at pH > 12. Complexes of Cu(II)-RLMD and Cu(II)-RLMP show different maxima of UV-Vis absorption as a function of pH. There are typical hypsochromic (blue) shifts due to the interaction of orbitals of Cu(II) ion and ligands. From the Vis spectra of Cu(II) complexes, the wavelength interval of the absorption maximums was found to be within λ = 630 -750 nm for dextran complexes and λ = 650 -700 nm for pullulan complexes. According to literature, these energy values (1.8 to 2 eV) are in the area characteristic for the octahedral ligand field (Δo).
The synthesis and spectroscopic characterization of the Co(II) ion complexes with RLMD and RLMP is described in detail [35, 36, 38, 39] . With the increase in pH the absorbance maxima of complex solutions showed red shift compared to [Co(H 2 O) 6 ] 2+ ion (bathochromic effect). From the Vis spectra of Co(II) complexes, synthesized under different reaction conditions, it was possible to see that the absorbance maxima were in the range of 583 -624 nm for dextran complexes, and 525 -675 nm for pullulan complexes. The corresponding ligand crystal field splitting energies (Δo), according to the literature data, are characteristic for the Oh ligand field.
The spectrophotometric parameters of the investigated complexes are characteristic for Co(II) ion in octahedral or tetragonal distorted octahedral coordination with O ligand atoms.
FTIR study FTIR spectroscopy method is usually the technique of choice for structural analysis of polysaccharides [40] [41] [42] [43] . The FTIR spectra of complexes with Cu(II)-RLMD and Cu(II)-RLMP contain the following characteristic bands: ν(O-H) ~3400 cm -1 , ν(C-H) ~2930 cm -1 , δ(HOH) ~1645 cm -1 , δ(C-H) ~1450 and ~1345 cm -1 , δ(O-H) ~1420 cm -1 , a complex band ν(C-O) 1200 -1000 cm -1 , γ(C-H) 1000 -700 cm -1 . The spectra appearance in this region is very similar for Co(II) complexes. It is already known that complexation of copper(II) ion with RLMP [41] and RLMD [42] gives different types of complexes, depending on the pH value. With the assumption that Co(II) ions formed similar complexes, bands in this region should be attributed to the stretching vibrations of ligand OH groups and coordinated H 2 O molecules for the complex synthesized in a weak alkaline solution. It should also be associated with ligand OH groups and the OH-ions in the first coordination sphere of the Co(II) ion for the complexes, synthesized in alkaline and strong alkaline solutions. No effect after complexation on the conformation change of α-D-glucopyranose units with 4 C 1 chair conformations was observed for the M(II)-RLMD and M(II)-RLMP complexes as evidenced by the appearance of FTIR spectra in the range of 1000-700 cm -1 [38, 41, 42] .
FTIR spectra of RLMD and Co(II)-RLMD complexes were compared with the deconvoluted spectra of their analogues recrystallized from D 2 O [43] [44] [45] . FTIR spectra were measured in order to find the specific spectral peculiarities, i.e. collecting the information about structure and conformation of these macromolecules. In the range of ν(O-D) vibrations one new band appears at about 2495 cm -1 in the FTIR spectrum of deuterated RLMD and this is obviously the consequence of isotopic exchange in some OH groups whose ν(OH) vibrations are manifested by the presence of a broad intensive band at about 3350 cm -1 which is an evidence of water molecules presence in RLMD structure. As for the Co(II)-RLMD complex, a new band appears in the FTIR spectrum of deuterated complex synthesized at pH 13.5 at about 2483 cm -1 in the range of ν(O-D) vibrations. Partners of these vibrations are expected to be ν(O-H) vibrations manifested by the broad intensive band at about 3400 cm -1 from water molecules. Sharp band at 3636 cm -1 in the deconvoluted FTIR spectrum of Co(II)-RLMD complex may be attributed to ν(O-H) vibrations of the free OH groups which are not included in the formation of hydrogen bonds. Complete deuteration of these OH groups results in the disappearance of this band and appearance of a new sharp band at 2580 cm -1 , originating from ν(O-D) vibrations in the FTIR spectrum of deuterated Co(II)-RLMD complex. 8 (2) (2019) [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] By using Falk criteria [46] , it can be concluded that both RLMD and Co(II)-RLMD complex have one crystallographic type of H 2 O molecule. According to the correlation of Berglund et al. [47] , estimated Ow....O distances are 283.1 pm for RLMD and 281.8 pm for Co(II)-RLMD complex, and H 2 O protons take part in the formation of relatively weak hydrogen bonds. Co(II)-RLMD complexes are probably formed by the displacement of H 2 O molecules from the first coordination sphere of Co(II) ion by the OH groups of ligand.
An effect of conformation change was observed in recrystallized Cu(II)-dextran complex, especially when glucopyranose units with 4 C 1 chair conformations are present, the IR spectra exhibit one band in the region between 925 to 885 cm -1 and another one around 860 to 820 cm -1 , which are assigned to mixed CCH deformation vibrations. In the particular region, of 1000 to 700 cm -1 a certain band at 880 cm -1 was considered as characteristic for the conformation change 4 C 1 -chair to 3B-boat of glucopyranose units (Fig. 4) [43] . 
ATR-FTIR study
There are differences between FTIR microscopy images of RLMP and RLMD ligands and synthesized M(II)-RLMP and M(II)-RLMD complexes, confirming that the complexation process has taken place.The changes in color contour may show the content and distribution of metal and ligand in the samples. The diameter and shape of the particles of synthesized complexes are different and depend on pH. ATR-FTIR spectra and FTIR microscopic images from different areas of complexes synthesized at pH 7.5-13.5 also show high homogeneity of the samples [48] .
ESR
The ESR spectra of Cu(II)-RLMD complexes indicate the axially elongated tetragonal distorted octahedral symmetry of synthesized Cu(II) ion complexes and are typical for the Cu(II) ion with one unpaired electron in 3d subshell [33] . Specific values of ‫||‪A‬‬ and ‫||‪g‬‬ for [Cu(H 2 O) 6 ] 2+ ion are ‫||‪A‬‬ = 137×10 -4 cm -1 , ‫||‪g‬‬ = 2.41. ESR parameters of the spectra for the complexes synthesized at higher pH values were close to the values for the frozen Cu(II)ethylene glycol complex indicating the square-planar or tetragonal distorted octahedral coordination of Cu(II) ion, with four oxygen atoms in the same plane. The appear-ance and ESR parameters for the spectra of complexes obtained at pH 8 and 12 were very similar to the ESR spectra of some Cu(II) ion complexes with carboxymethyl-dextran and cellulose obtained at high pH values [34, 37] . Although the Cu(II) ion content of the complexes synthesized at lower pH values was much higher (up to 13.04% for the complex synthesized at pH 7.5), the ESR signal of these complexes was lacking due to strong spin-spin interactions of neighboring Cu(II) ions, and probably due to the formation of polynuclear Cu(II) complexes. All ESR parameters observed from pH 7.5-12 differ, especially in ‫||‪A‬‬ and ‫||‪g‬‬ from the parameters of 
XRD
The crystallinity/amorphicity changes caused by the complexation of RLMP with Co(II) ions was observed by using XRD analysis. The crystallinity of the final product gradually rose with increased concentration of introduced Co(II) ions. Furthermore, in the XRD pattern of Co(II)-RLMP complex obtained at pH 13.5, only several diffraction peaks at 2θ values of 19°, 32.5°, and 38° were present, which suggests that Co(II)-RLMP complexes still had low degree of crystallinity after the complexation [32] .
MALDI-TOF MS Shape of peak intensities distribution in the 1000-10000 Da range with apparent maximum around 3500 Da indicates that additional depolymerization of pullulan occurred during complex synthesis. Adjacent peaks in this m/z range differ by approximately 162 Da which corresponds to the anhydro-glucopyranose moiety. The MALDI-TOF/TOF MS in the 450-2000 Da range also contains peaks differing by 162 Da, but some adjacent peaks differ by approximately 59 Da corresponding to the cobalt loss from these low molar mass fragments. Since peaks with m/z difference of 59 Da do not appear in the 1000-10000 Da range it can be concluded that Co(II)-HNMP complex synthesized at pH 13.5 is very stable, while Co(II) ion binding in low molar mass fragments is much weaker. The MALDI-TOF/TOF MS of different Co(II)-HNMP complexes also show the repeating unit of mass 162 Da which corresponds to the anhydroglucopyranose moiety. In addition to the series of peaks with a 162 Da gap, there is a minor series with a 486 Da increment corresponding to the mass of anhydro-maltotriose moiety [32] .
Structure
Based on the correlation of data obtained by different spectroscopic techniques for the characterization 
Pharmacology
The preparation was tested pharmacologically with the aim of determining systemic acute toxicity expressed as a median lethal dose (LD50) and as an equivalent of Cu(II) dose per kg of a mouse body weight. The application of higher doses caused the mortality of a number of experimental animals. The preparation toxicity LD50 of 1419-1661 was determined in this range which corresponds to the equivalent of Cu(II) dose of 281-329 mg per kg of the body weight (concentration of the complex solution 5-20%). The results of our pharmacological investigations suggest to the lower toxicity of Cu(II) complex with RLMD, what is much better than in the case of commercially applicable inorganic copper salts [49] . This result is very important for the development of new pharmaceutical preparations and it can be applicable in medicine and cosmetology.
Nanoparticle (complexes) of biometals Cu and Co with CMD and DS
Physico-chemical characteristics of the Cu and Co complexes
Copper and cobalt complexes with carboxymethyl dextran (CMD, Mw = 80000 gmol -1 ) and sodium salts of dextran sulfate (DS, Mw = 500000 gmol -1 , see Fig. 6 ) were synthesized from aqueous solutions of Cu(CH 3 COO) 2 and CoCl 2 ×6H 2 O in the molar ratio of 2:1 at boiling temperature. The synthesis of cobalt and copper complexes was monitored by color change from colorless to pink and green, respectively, and new absorption maxima appearance in the visible part of the spectra. The higher metal content and yield were achieved after 60 minutes of reaction. The molar ratio of both metals with CMD and DS was 2:1 and 1:1, respectively [22, 50] . 
Spectra-structural correlations
Copper-CMD and -DS complexes showed bends maxima at ~750 and ~510 nm, respectively, in the UV-Vis spectra, while cobalt-CMD and -DS complexes showed bends maxima at ~710 and ~500 nm, respectively. The absorption maxima for DS complex were at lower wavelengths (~10 or ~40 nm) compared to maxima of CMD complex, indicating stronger metal-O interactions in DS complexes. The absorption maxima of cobalt complex exhibit a hypochromic effect in relation to the corresponding copper complexes, indicating stronger Co-O interactions compared to Cu-O. Calculations of molar energy content (161 kJmol -1 ) and crystalline field splitting energy (1.74 eV), indicate the formation of tetragonal deformed complexes of octahedral configuration in Cu-CMD, while for Cu-DS the corresponding values are 171 kJmol -1 and 1.85 eV [22, 50] .
The efficiency of synthesis process was confirmed by spectra-structural correlations based on FTIR studies, changes in the vibrations of all types of OH functional groups, and the absence of ν(C-OH) vibration. This vibration is absent in the spectra of CMD and DS, but not in the spectra of complexes. In the same time, the ν(Co-O) and ν(Cu-O) vibrations were found at ~580 cm -1 in the spectra of complexes, but not in CMD and DS spectra. The similarities of the γ(C-H) ranges, in a low frequencies part of the spectra, indicate that there is no difference in the conformation of the 4 C 1 glucopyranose unit between CMD and DS and synthesized Cu(II) or Co(II) complexes. Analysis of FTIR spectra in the region of valent (C=O) vibration showed that -COOH group acts as bidentate ligand, while the compounds of Cu(II) or Co(II) with DS metal ions are in the region of four oxygen atoms of two adjacent sulfo groups. The presence of crystalline water was determined by isotopic substitution of H 2 O with D 2 O molecules. Comparison of spectra measured at room temperature (RT) and liquid nitrogen temperature (LNT) allowed detection of water molecules libration indicating that they are coordinated complementing coordination sphere of Cu(II) ions to six. The bands of valent (S=O) vibrations in Cu and Co complexes were at lower frequencies for ~12 cm -1 compared to DS. The similarity of FTIR spectra, originating from DS sodium salt or Cu and Co complexes, indicates the predominantly ionic character of these compounds. 
Synthesis procedure
The synthesis was performed until the defined Ag:L (DS or CMD) ratio (from 1:1 to 1:2) at 100 °C was achieved with continuous stirring in the duration of 120 min. A successful synthesis of the AgNPs-CMD or Ag-NPs-DS complex was identified through the color changes of the reaction mixtures, from white to yellow [51, 52] . Water extracts (E) of Fumaria officinalis L. (earth smoke), according to literature data [53] , contain alkaloids, flavonoids, carbohydrates, glycosides, tannins, saponins, proteins, steroids and organic amino acids, the phytochemicals with different functional groups which can reduce Ag + to Ag 0 additionally acting as capping agents. Green synthesis of AgNPs with the extract of Fumaria officinalis L. was performed in alkaline solution at room and boiling temperatures [54] .
UV-Vis study
Strong absorption band in UV-Vis spectra, called SPR (surface plasmon resonance) band at 420 nm, is characteristic for AgNPs formation. Its exact position mostly depends on AgNPs size, while intensity depends on AgNPs concentration [55] . Changes in this band position were used as a criterion of the AgNP aggregation stability monitoring. The position of this band in AgNPs-DS was changed during synthesis. After 2 h of synthesis it remained constant at 425 nm indicating particle size of ~40 nm. SPR band in the AgNPs-CMD spectrum, synthesized in different molar ratio, was located at 420 nm indicating particle size of 20-40 nm; the intensity of this band is proportional to AgNPs-CMD concentration. Unchanged position of SPR band is an evidence of high aggregation stability of the reaction mixture for 3 months at room temperature. The region of UV spectra below 300 nm was monitored for first time according to available literature [51, 52, 54 ]. An intensive band at 215 nm (π→π* transition of the carboxyl group) in the UV spectra of formed complex [56] indicates red shift effect compared to CMD. This phenomenon is an additional indicator of Ag ions and CMD interaction i.e. AgNP-CMD complex formation.
According to UV-Vis study it can be concluded that synthesis of AgNPs-E at boiling temperature was much faster (30 min) compared to synthesis at room temperature (90 min). The unchanged position of the SPR band indicates good aggregates stability of particles with the size of approximately 18 nm. The intensity of π→π* and n→π* bands (200-350 nm) for AgNPs-E were significantly reduced compared to extract itself due to reduction of silver ions by functional groups which possess free electron pairs (CO or amide). 
XRD study
SEM and EDX analysis
The morphology of the AgNPs-CMD, AgNPs-DS and AgNPs-E was studied by SEM analysis. In the AgNPs-CMD stable and spherical particles of 10-60 nm are dominant. The size of AgNPs-DS was similar, but the appearance of aggregates with an irregular structure without a well-defined morphology was noticed [52, 54] . SEM micrographs of AgNPs-E nanoparticles showed spherical particles with an average size of 25 nm and the presence of small aggregates.
EDX spectroscopy was used for qualitative and quantitative analysis of silver involved in formation of AgNPs-DS and AgNPs-E. All samples showed strong signals corresponding to elemental silver at 3 keV. Lower signals from S or C and O confirm the formation of AgNPs as a part of AgNPs-DS or AgNPs-E. After calibration, the content of Ag was approximately determined by INCA software as 35% and 70% in the AgNPs-E formed at room and boiling temperatures, respectively [52, 54] .
FTIR study
The FTIR spectra of AgNPs-CMD and AgNPs-DS were basically very similar to the spectra of copper and cobalt complexes with these ligands. The 4 C1 conformation of the glucopyranose unit i.e. the high content of α-1,6 linkage remained unchanged after complexation. Here, the carboxyl group of CMD again played the role 8(2) (2019) 16-25 Table 1 . Radial diameters of inhibition zones for bacterial and fungal strains treated by AgNPs in different concentrations of a bidentate ligand. There were strong interactions between Ag and two O atoms from the -COO groups in the Oh environment, bonding the CMD with AgNPs. There was a difference in the position of νas(S=O) band, in the FTIR spectrum of AgNPs-DS compared to DS, for about 22 cm -1 . A similar situation was in the complexes with copper and cobalt, indicating predominantly ionic interactions between sulfo groups from DS with AgNPs.
The detection of water molecules libration was enabled using isotope substitution method (deuteration) and the spectra measured by RT and LNT comparing. The presence of coordinated complementing coordination sphere of Cu(II) or Co(II) ions to six was indicated. The absence of a band at ~1380 cm -1 in the spectra of dialyzed analogues, that originates from νas(O=N=O) of residual nitrate ions, practically confirms the real origin of this band.
The comparison of FTIR spectra measured for Ag-NPs-E and E, in amide region (Amid I -ν(C=O) and Amid II -δ(N-H) at 1620 and 1530 cm -1 , respectively), and/or ν(C=O), ν(C-O), ν(C-O-C) and δ(OH) vibration, leads to the conclusion that bonds were formed between secondary amide group (NH)C=O, keto or hydroxyl groups from the AgNPs-E and Ag ions. The compounds participating in reduction and stabilization of AgNPs could be polyphenols, flavonoids, triterpenoids, proteins or acids and polysaccharides [54] . Bearing in mind everything mentioned above, the proposed structure of all AgNPs is presented in Fig.8 . Comparative analysis of AgNPs antimicrobial activity It is already known that silver nanoparticles exhibit the antimicrobial activity [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 58] . Radial diameters of inhibition zones for gram positive (G+) and gram negative (G-) bacterial as well as fungal strains, treated by different concentrations of synthesized AgNPs with CMD, DS and E, are presented in Table 1 .
The size of radial inhibition zones decreases in the order: AgNPs-E > AgNPs-DS > AgNPs-CMD. The inhibition zones are higher in almost all cases where the concentration of AgNPs is higher. The synthesized AgNPs-E showed better antimicrobial properties compared to starting water extracts of Fumaria officinalis L. which is explained by synergistic effect of silver and extract compounds [54] . These results indicate the potential use of synthesized AgNPs-E as a raw material in various pharmaceutical and cosmetic preparations design
